Abstract-We are developing small-pixel transition-edge sensor microcalorimeters for solar physics and astrophysics applications. These large format close-packed arrays are fabricated on solid silicon substrates and are designed to have high energy resolution, and also accommodate count-rates of up to a few hundred counts per second per pixel for X-ray photon energies up to ∼8 keV. We have fabricated kilo-pixel versions that utilize narrow-line planar and stripline wiring. These arrays have a low superconducting transition temperature, which results in a low heat capacity and low thermal conductance to the heat sink. We present measurements of the performance of pixels with single 65-μm absorbers on a 75-μm pitch. With individual single pixels of this type, we have achieved a full-width at half-maximum energy resolution of 0.9 eV with 1.5 keV Al K X-rays, to our knowledge the first X-ray microcalorimeter with sub-eV energy resolution. We will discuss the properties of these arrays and their application to new solar and astrophysics mission concepts.
. Schematic depiction of small pixel array design. The front-left pixel is shown with its absorber removed for clarity.
The basic geometry of these devices is depicted in Fig. 1 . Each detector pixel consists of an x-ray absorber that is in strong thermal contact with a highly temperature-sensitive thermometer, which is a transition-edge sensor (TES). When x-rays are absorbed, the temperature of the microcalorimeter rises according to the heat capacity of the entire device, and then cools back to the temperature of the silicon substrate. The decay time depends upon the strength of the thermal conductance of pixels to the heat bath, which in this case depends upon the thermal boundary resistance (Kapitza resistance) between the TES sensor and the solid substrate below. These pixels are fabricated on a silicon wafer that has a 1-μm thick copper layer embedded within the surface and was covered with insulating silicon dioxide. This layer ensures that the level of thermal cross-talk between pixels is minimized [6] . The absorbers are cantilevered above the TES sensors, contacting them in small regions ("stems") making electrical contact to ensure fast thermalization of the TES with the absorber. The absorbers are also supported by stems regions outside of the TES as depicted in Fig. 1 . The transition edge sensor is a superconducting bilayer of molybdenum and gold, biased inbetween its superconducting and normal metal states, where any small change in temperature leads to a relatively large change in resistance [7] . The properties of these small TESs are determined by the dependence of the critical current on temperature, magnetic field, and size. Many of these properties have recently been explained by the junction-like properties of the weak link formed by the TES sensor and the superconducting leads attached, forming an S-N -S weak link [8] , [9] .
We first developed small-pixel TES microcalorimeters with individual pixels with 9-μm thick absorbers and relatively large 'T'-shaped regions of contact between the absorbers and the solid substrate [1] . Later we made the absorbers 4.5 μm Fig. 2 . Overhead view of the individual pixel design in an array with microstrip wiring. The lightly shaded region depicts the area of the absorber, and is transparent for clarity. The inner square region is the area of the TES, with wiring attachments on the left-and right-hand sides. The three small solid circles are the small "stem" regions where the gold absorber contacts the TES (center) and solid substrate (beneath). Nb traces contact the TES at each end and then come together to form a microstrip. In operation the current flows through the TES from left to right. Two microstrip wires underneath the cantilevered absorber are shown on the right-hand side that make contact with other pixels.
thick with five much smaller regions of contact as depicted in Fig. 1 . This small contact region minimizes athermal phonon loss and thus gives better spectral performance [10] . Athermal phonon loss will be position-dependent and therefore needs to be minimized to give the same detector signal for each x-ray photon absorbed. Here we present new data from pixels that have been designed to fit within relatively large 32 × 32 arrays in which the pixels are close-packed.
II. ARRAY DESIGNS
The design of the individual pixels for these arrays is shown in Fig. 2 . The absorber dimensions are 65 × 65 × 5.0 μm, and the close-packed array pitch is 75 μm. The absorber fabrication process is continuing to develop, and the gap between absorbers will evolve to ∼3-5 μm. The only contact between the absorber and substrate is the small central stem that makes thermal contact to the TES and the two supporting stems directly on the silicon substrate. The size of the TES is 36 × 33 μm (the slightly longer dimension being in the direction of current flow). This size was designed to have as large of a TES area as possible to maximize the thermal conductance to the heat bath for the different temperatures of operation, and therefore the speed and count-rate capability of the microcalorimeter. This area was maximized within the constraint of needing to fit the wires necessary to make contact to the full 32 × 32 array between the TESs and underneath the overhang of the absorbers. Unlike many previous designs, there are no normal metal features on top of the TES other than the point contact between the TES and the absorber. There are no normal metal banks along the two edges between the TES contacts, and no normal metal stripes that have been shown in larger devices to reduce so-called "excess noise" [11] . In the measurements made so far on small TESs of this 35 μm size, there is no clear difference in the performance with and without stripes, other than the effect the normal metal stripes have on the TES transition temperature [9] . A key aspect to the development of compact arrays is the routing of fine pairs of wires between pixels that carry the TES current signal. The most efficient routing of a 32 × 32 array requires a maximum of 8 pairs of wires between pixels. We report on two generations of such arrays. In our first closepacked 32 × 32 arrays, planar wiring was used, with the signal and return traces next to each other. Because of the spatial constraints, not all the pixels could be wired out. In the second generation, micro strip wiring was introduced that did allow all pixels to be wired. The pitch of the micro strip was 4 μm, with the lower lead width being 2.5 μm, the upper layer width being 1.5 μm, and the gap between each micro strip being 1.5 μm. The space needed to accommodate the 8 pairs of wires is 32 μm, sufficient for leaving enough space for the TES. These wires have demonstrated critical currents that far exceed the typical operational currents of these devices of a few hundred microamps. A scanning electron microscope image of one of the 32 × 32 arrays of pixels, fully wired with micro strip, is shown in Fig. 3 .
III. RESULTS
The two generations of arrays that we have tested featured TESs that had lower transition temperature than previously developed small-pixel devices optimized for faster decay times and thus high count-rate capability. The temperature dependence of the thermal conductance is strong, going approximately as T 3 [12] . The transition temperature (T c ) of the first generation array was 79 mK at very low currents, and approximately 53 mK at the bias current of operation. This was operated at a base temperature of 38 mK using an adiabatic demagnetization refrigerator stable to within ±5 μK. The devices were voltage biased using a 0.20 mΩ shunt resistor, the current through the TES being measured with a single stage SQUID array provided by collaborators in Berlin 1 using Magnicon XXF SQUID electronics. The TESs had a normal resistance of 21.4 mΩ, and were operated with a quiescent bias very low in the transition at 1% of the normal resistance, 0.2 mΩ. The heat capacity (C) was calculated to be 0.08 pJ/K at 53 mK based upon the device dimensions. 4 shows a measured spectrum of Al K α x-rays from one of the microcalorimeter pixels. The individual x-ray signals were collected over many hours as the count-rate was limited by the flux of Al K α photons that are generated outside the cryostat. The small size of the pixels and the absorption of a large fraction of the photons by the thin aluminum coated infrared blocking filters makes it difficult to generate high count rates. It is necessary to effectively block most of the black-body radiation from higher temperatures from reaching the microcalorimeters as this radiation can otherwise cause the temperature of the pixels to rise to a temperature far above T c , and to eliminate the possibility of a noise from the radiation absorption.
These devices were operated with a base temperature quite close to T c and therefore had a very high sensitivity to fluctuations in this temperature. The sensitivity of pulse height to temperature changes was approximately 0.3 eV/μK. Because the fluctuations in bath temperature were well above 1 μK, it was necessary to correct for these temperature fluctuations. The signal from each pixel were collected with a dc coupled read-out, where the changes in the quiescent signal (baseline) are a direct measure of the microcalorimeter pixel temperature fluctuation. By correcting for baseline-pulse height correlation, we were able to produce the spectrum shown. The final measured spectrum was consistent with a Gaussian FWHM energy resolution of the detector of 0.87 eV ± 0.03 eV. The performance of five different pixels from this array was measured, and a histogram of the different energy resolutions seen in these pixels is shown in the inset to Fig. 4 .
Because the detectors are operated at a resistance small compared with the change in resistance during a pulse, the current response is highly non-linear. This is demonstrated in Figs. 5 and 6. Fig. 5 shows a plot of how the pulse shape Kα and K β X-rays of known energies are produced using various fluorescent targets and radioactive sources. Two lines through the data points are shown. One is a spline fit through the measured data points, and the second shows the variation expected just from the nonlinear bias circuit. The quiescent current through the TES is 25 μA.
varies as a function of energy of photon. This plot is shown on a logarithmic y-axis to make it easier to see how the shape of the exponential-like decay is varying. The reason that the decay shapes are not a single exponential even at the lowest energies is likely due to the non-linearity of the resistance verses temperature curve. Fig. 6 shows how the raw signal pulse height varies as a function of energy, and a line showing the expected pulse height variation just from the non-linear bias circuit. This line is a fit to the data allowing the TES bias resistance to vary. The fit gave a TES resistance at 1.0% of the normal resistance (0.20 mΩ), which was consistent with the TES bias point as determined by a measurement of the TES Current-Voltage characteristic. The TES resistance at this bias point was equivalent to the TES shunt, which was also 0.20 mΩ. The small difference between the spline fit and non-linear bias circuit fit lines in the figure indicates that there is relatively little non-linearity in the transition shape. It might be expected that the TES response is very non-linear for temperature changes of a few millikelvin when the measured transition widths seen at constant current are less than 1 mK. However, the resistance (R) is changing so much during a pulse, the bias current (I) flowing through is significantly changing as well. In fact, these devices have such a strong dependence of T c on current [8] , the signal is traversing a relatively linear path along the R-I-T surface [10] rather than a simple R-T curve.
We note that in general a plot of the predicted energy from optimal filtering as a function of energy is far more linear than the variation in signal pulse height because the filter makes use of the whole pulse, not just the peak. However, because the response of these devices is so non-linear, the energy resolution achieved at high energies is still very much poorer when analyzing just the size of current signal passing through the TES with a Wiener filter. By transforming the signals from a current to resistance before filtering, better energy resolution can be achieved [17] .
The results from pixels in the second generation of arrays with stripline wiring were similar to those with planar wiring. Again the transition temperature was relatively low compared with earlier generations of small pixels optimized more for higher count rates. T c was 107 mK at very low currents, and approximately 90 mK under bias. The gold absorbers were the same lateral dimensions but thinner at 4.0 μm. The heat capacity was 0.093 pJ/K under bias, very close to the expected heat capacity based upon the bulk heat capacity of gold and the geometry of the absorber. Here again, almost the same energy resolution was achieved at 1.5 keV as with the first generation devices of ∼0.9 eV FWHM. A spectrum was also acquired for Mn K α x-rays with 5.9 keV energy for this device. This spectrum yielded a FWHM energy resolution of 3.2 ± 0.14 eV processing the data when using a Wiener filter on the current signals. Based upon the approach described by Fixsen et al. [18] , we have recently been developing a more sophisticated way to process data where the signal response is non-linear and the noise is non-stationary during the pulse. While this process is still under development, we have used the same data to achieve a FWHM energy resolution of 1.56 eV at 5.9 keV as shown in Fig. 7 .
The uniformity of the properties of the pixels in the arrays is important to give uniform energy resolution and allow for a common bias current between pixels. When adjusting the external magnetic field to maximize the T c of pixels, compensating for non uniformity of magnetic environment in our set-up, the T c of two sets of eight pixels has been ± 0.15 mK. The size of the x-ray signals and their dependence on magnetic field has been uniform to within 5% again once variations in the ambient film have been nulled using an external field coil. In future, to achieve this level of uniformity simultaneously for all pixels in a large array, it will be important that each pixel sees the same low magnetic field environment to significantly less than 2 μT. In our set-up we have recorded small variations of ambient field on this scale. Because of the high sensitivity of these arrays to the field condition, it will therefore be important in future to design detector set-ups with greater field uniformity. Beyond the ∼5% level of uniformity, it is likely that variations in slight pixel-to-pixel variations generated in fabrication could lead to some small level on non-uniformity.
IV. CONCLUSIONS AND OUTLOOK
We have produced 32 × 32 close-packed arrays of pixels on a 75 μm pitch. We have tested a sample of pixels of this type, and demonstrated an energy resolution of 0.9 eV at 1.5 keV, and 1.6 eV at 5.9 keV. These have been demonstrated using pixels with a transition temperature under bias of less than 100 mK. At these temperatures, the count-rate capabilities will be a few tens of counts per second, depending upon the record length chosen for processing the data. Future versions of these arrays will have a higher T c and, if similar to earlier versions of non close-packed arrays, able to accommodate a few hundred counts per second. The low T c version of this array could be very useful for future astrophysics instruments where high energy resolution and angular resolution pixels are needed and the count-rate requirements are less than ∼30 counts per second. One such example of a mission concept is Sahara, "Spectral Analysis with High Angular Resolution Astronomy" [5] . Solar physics applications require much higher countrates at very high angular resolution, therefore requiring arrays with higher T c and slightly poorer energy resolution [2] . We have recently proposed a small version of this application to NASA called "Solaris-X: Solar Imaging Explorer in X-rays," which is a sounding rocket concept utilizing a 256-pixel version of this array design. Some astrophysics mission concepts have been proposed that also require high count rates. These include "The Advanced X-ray Spectroscopic Imaging Observatory (AXSIO)" [3] where the small pixels form a small subregion of the focal plane array and "The Extreme Physics Explorer (EPE)" [4] . These do not use the small pixel size to provide high angular resolution, but instead propose to use them to oversample the point spread function of an x-ray optic to provide fantastic energy resolution at even greater count-rate for point x-ray sources.
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